[1] Oxygen and carbon stable-isotope compositions of modern benthic foraminifera in the Kara and Pechora estuarine regions of the Arctic continental shelf were compared with water d 
Introduction
[2] The Kara Sea and the adjacent southeasternmost part of the Barents Sea (Pechora Sea) are characterized by a uniquely high riverine input, which constitutes over 1.5 Â 10 3 km 3 yr À1 , more than a third of the total continental runoff into the Arctic Ocean (Figure 1 ) [Gordeev et al., 1996; R-ArcticNET, 2001] . This discharge has a profound influence on hydrography, sedimentation, and biology on the continental shelves adjacent to the river mouths. It also controls the upper water mass structure in the entire Arctic Ocean and, thus, the extent of Arctic sea ice [Aagard and Carmack, 1994; Stein, 1998; Forman et al., 2000] . Furthermore, low-salinity surface waters exported from the Arctic Ocean affect overturning in the Nordic and Labrador Seas and, thus, the formation of North Atlantic Deep Water, which ventilates the World Ocean [e.g., Aagard and Carmack, 1994] . During glacial periods, the Arctic hydrographic environments expanded southwards and dominated even larger areas than at present. Knowledge of the evolution of the Arctic hydrology is therefore essential for understanding changes in the oceanic circulation and climate, an especially important topic in view of the potential increase in high-latitude precipitation with atmospheric warming [Cattle and Crossley, 1995; Delworth et al., 1997] .
[3] Our study seeks to improve the reconstruction of paleohydrographic environments in river-proximal areas using oxygen and carbon stable isotope compositions ( C) recorded in biogenic calcite [e.g., Anderson and Arthur, 1983; Volkmann and Mensch, 2001] . Biogenic calcite d 18 O is controlled by the stable-isotopic composition of ambient water, which is formed by mixing of waters from various sources, and temperature during calcification [e.g., Shackleton, 1974] . Biogenic calcite d
13
C is primarily a function of dissolved inorganic carbon (DIC), which is affected by water mixing on the continental shelves [Anderson and Arthur, 1983; Erlenkeuser et al., 1995 . Additionally, benthic calcite d 13 C is modified by the release of isotopically light CO 2 during organic matter decomposition [e.g., Grossman, 1984] . By evaluating the modern distributions of calcite stable isotopes and hydrography, we can improve interpretations of past isotopic changes and, thus, better reconstruct the evolution of Arctic hydrographic environments.
[4] Biogenic calcite in sediments from Arctic continental shelves is mostly composed of benthic foraminifers [e.g., Korsun et al., 1994; Wollenburg and Mackensen, 1998; Polyak et al., 2002a] , which thus constitute the major source for stable-isotopic records in these environments. However, there have been few studies of d 18 O and d
C in modern high-latitude shelf benthic foraminifers [Poole, 1988; Vilks and Deonarine, 1988] , and just one, very limited data set from a river-proximal area [Erlenkeuser and von Grafenstein, 1999] . Our study elucidates the environmental controls on the stable-isotopic composition of modern benthic foraminiferal tests from the Kara and Pechora seas by comparing foraminiferal isotopic values with those of bottom waters. These results are then used to interpret two Holocene (approximately 10 kyr) stable-isotope records from shallow Pechora and Kara Sea areas that experienced a large change in riverine inputs during sea level rise after the Last Glacial Maximum [Polyak et al., 2000 [Polyak et al., , 2002b .
[5] A mostly infaunal foraminifer, Elphidium excavatum forma clavata, was chosen for this study because it is common in a wide variety of Arctic shelf environments, both modern and Quaternary [e.g., Hald et al., 1994] . Infaunal foraminifers adequately record bottom water d
18
O, but tend to deviate from bottom water d 13 C, which makes epifaunal species a preferable material for stableisotope measurements [e.g., Grossman, 1984; McCorkle et al., 1990] . However, epibenthic species are rare in riverproximal environments [e.g., Murray, 1991; Polyak et al., 2002a] and would not provide a representative material for our study. For comparison, a mostly epibenthic foraminifer, Cibicides lobatulus, was analyzed where it co-occurs with E.e. clavata.
Oceanographic Settings

Hydrography
[6] Runoff from the Ob', Yenisey, and Pechora rivers is approximately 450, 580, and 130 km 3 yr
À1
, respectively, and is mainly limited to summer, with a peak discharge occurring in June, after the snowmelt and ice break-up [Gordeev et al., 1996; R-ArcticNET, 2001 ]. The offshore spreading of riverine waters varies depending on the discharge and the prevailing winds and typically results in surface salinities below 30 psu over most of the Kara and Pechora Sea area, with the active mixing of runoff reaching depths of 15-20 m (Figure 2 ) [Burenkov and Vasil'kov, 1995; Pavlov et al., 1996; Adrov and Denisenko, 1996] . Filled circles show surficial sediment samples: R/V Akademik Karpinskiy 1991 (four-digit labels without lettering), R/V Boris Petrov 1997 (two-digit labels without lettering), and four core tops (L0987, DM4401, GF163, and GF134) ( Table 2) . Diamonds are sediment cores, B-212/218 and DM-4401, used for the Holocene stable-isotope study (Table 3) . Water samples shown were measured for d Bottom salinities are less affected by riverine water, other than in shallow river-proximal areas, and are more stable than at the surface (Figure 3a) . The overall hydrographic pattern is characterized by a steady, decelerating increase of salinities with distance from the estuaries. The temperature distribution pattern has weaker gradients and is less regular than that of respective salinities, but the warmest summer temperatures are consistent with low salinities, occurring in shallow, river-proximal areas ( Figure 3B and Table 1 [Pfirman et al., 1994; Pavlov et al., 1996] . The Barents Sea is generally warmer than the Kara Sea due to the Atlantic influence.
Biological Productivity
[7] As elsewhere in high-latitude seas, the productive season in the study area is limited to the hydrographic Multiyear means of (a) summer bottom salinity and (b) temperature in the Kara and Pechora seas, with superimposed foraminiferal data points (cf. Figure 1) . Shading highlights salinities >34 psu and temperatures <À1°C. The fields in the Pechora Sea are detailed using the climatological monthly maps of Adrov and Denisenko [1996] . summer, typically from May to September, and is triggered by Spring sea-ice melt [Usachev, 1968; Druzhkov et al., 2001] . In the Pechora Sea, the ice starts melting in May, whereas in the Kara Sea this process is commonly delayed until June and may span the whole summer [Borodachev, 1998] . Productivity throughout the Siberian seas is tightly coupled with maximum river discharge, which occurs in June -July and provides a significant source of food for the shelf biota by delivering nutrients and labile organic matter [Vedernikov et al., 1995; Nö thig and Kattner, 1999] . Accordingly, seasonal primary production is generally high in and near the estuaries, reaching >300 mg C m À2 day
À1
, and decreases to very low levels of <50 mg C m À2 day À1 in the open sea. Somewhat enhanced productivity has also been observed in the western Kara Sea near the coasts of Novaya Zemlya, possibly in relation to glacial meltwater [Matishov, 1989; Druzhkov et al., 2001] .
[8] Data constraining the flux of organic carbon to the seafloor are scarce, but the flux pattern can be approximated by the benthic production. The total macrobenthic biomass in the Kara Sea has highest values of >150 g m À2 near the estuaries and decreases northward, consistent with the general distribution pattern of primary productivity [Zenkevich, 1963; Matishov, 1989] . Extremely low benthic biomass of <3 g m À2 characterizes the deep Novaya Zemlya Trough in the western Kara Sea, whereas the shallow area adjacent to Novaya Zemlya has somewhat elevated values of >25 g m
À2
. In the Pechora Sea, benthic productivity is generally high and reaches >500 g m À2 due to a longer phytoplankton vegetation season at lower latitudes and to the proximity of the Polar Front in the Barents Sea [Zenkevich, 1963; Denisenko et al., 1997] .
Stable Isotopes
[9] The d
18
O composition in the runoff of the Pechora, Ob', and Yenisey rivers is estimated as approximately À14, À16, and À17% versus SMOW, respectively [Brezgunov et al., 1983] . These results are based on summer to early fall measurements and closely represent the annual means for respective precipitation d
18 O [Rozanski et al., 1993; Wolfe et al., 2000] , because summer discharge constitutes over 85% of annual Arctic runoff [Gordeev et al., 1996] . These values fit into the broader longitudinal trend of riverine d
18 O decrease across northern Eurasia from À13% in Scandinavia to À24% in the far east [Letolle et al., 1993] , which is consistent with the prevailing direction of atmospheric vapor transport east of the North Atlantic. The mixing of runoff and marine, Atlantic-derived water (d 18 O composition of near 0%) primarily controls the overall d
18 O distribution in the Arctic seas [Ö stlund and Hut, 1984; Schlosser et al., 2000] . This distribution may be locally modified by the processes of sea-ice freezing and melting, which cause the rejection of isotopically light brines and the release of d
18 O-enriched meltwater, respectively [e.g., Strain and Tan, 1993] .
[10] Similar to the seawater d
O composition, DIC d 13 C in the Siberian seas depends on the mixing of riverine and marine waters characterized by DIC d
13 C values of approximately À7 and 1%, respectively [Erlenkeuser et al., 1995 . Remineralization of organic carbon may additionally decrease bottom water DIC d 13 C in and near the river estuaries due to the oxidation of organic matter that is mostly exported from rivers .
Materials and Methods
Foraminiferal Samples
[11] Most sediment samples used in this study were collected by grabs from R/V Akademik Karpinskiy (AK) and by box cores from R/V Akademik Boris Petrov (BP) in August -September of 1991 and 1997, respectively, along with measurements of bottom hydrographic properties [ Figure 1 and Table 2 ; Ivanov, 1995; Matthiessen and Stepanets, 1998 ]. The top 2 cm of sediment was fixed by ethanol and stained by Rose Bengal to determine live, or at least protoplasm-containing faunal specimens. Stained foraminifers, mostly of 125-250-mm diameter, were picked from 36 samples, seven of which contained C. lobatulus in addition to E.e. clavata. Four unstained, 2-cm-thick core top samples were added for a denser geographic coverage in the Kara Sea from sites that have measured modern sedimentation rates of near 1 mm/yr [Polyak et al., 2002b] , which indicate that core top samples generally represent modern environments.
[12] To evaluate the use of modern foraminiferal stableisotope data for the study of paleohydrology of Siberian Arctic, E.e. clavata tests were picked from down core sediment in borehole B-212/218 and core DM-4401 from outside the estuaries of the Pechora and Yenisey rivers, respectively [Figures 1 and 4, and Table 3 ; Polyak et al., 2000 Polyak et al., , 2002b . The present influence of riverine waters on both core sites has a similar magnitude, given similar summer bottom salinities of 32-32.5 psu. Due to high sedimentation rates in these areas, sample spacing of 10-50 cm in DM-4401, and mostly 50-100 cm in B-212/218 provides a submillenial age resolution, little affected by bioturbation. Foraminifers were picked from the same size range as in surface samples, mostly 125-250 mm. As E.e. clavata was absent at some intervals in DM-4401, another foraminifer, Haynesina orbiculare, was also picked from this core and an adjacent surficial sample (eight samples contained both species for a comparison of their stableisotopic signatures).
[13] Foraminiferal d 18 O and d 13 C compositions were simultaneously measured in all analyzed samples, surface and down core, on a Finnigan MAT-252 mass-spectrometer O and d 13 C measurements were at least 0.1 and 0.06% versus PDB, respectively [Ostermann and Curry, 2000] .
Hydrographic Data
[14] The life cycle of benthic foraminifers may span over a year, but their reproduction, growth, and calcification presumably occur mainly during the productive season [Murray, 1991; Korsun et al., 1994; Graf et al., 1995; Wollenburg and Mackensen, 1998 ]. Therefore, it is assumed that the stable-isotopic composition of biogenic calcite in the study area primarily reflects summer conditions [cf. . Because the exact timing of foraminiferal calcite growth is not known and the shortterm variability of hydrographic conditions in river-proximal areas is large, we use mean water characteristics in addition to point measurements for the evaluation of foraminiferal stable-isotope composition.
[15] To characterize mean summer hydrographic environments in the study area, we have compiled salinity and temperature measurements, collected mostly during July to September, for the last approximately 20 years from historical databases [National Snow and Ice Data Center, 1997, 1998; Matishov et al., 1998 ]. "Bottom water" samples were typically collected several meters above the seafloor, but they closely represent the true bottom water where the influence of marine water near the bottom is substantial, as indicated by salinities above ca. 20 psu [Simstich, 2001] , which is the case for almost all our foraminiferal samples. Data were included only when coverage for a particular year spanned a majority of the data-collection area. Scattered Figure 4 . Stratigraphy of sediment cores and age-depth curves compared to the global sea level after Fairbanks [1989] . For more detail, see Polyak et al. [2000 Polyak et al. [ , 2002b . 14 C ages with asterisks were measured on plant detritus; others were measured on foraminiferal or mollusc calcite and reservoircorrected by À460 yr [after Stuiver and Braziunas, 1993] . B-212/218 is a composite of several closely located boreholes (referred to as B-210-218 in the work by Polyak et al. [2000] ). Most samples are from B-212, with four youngest samples from B-218 (see Table 3 ).
14 C ages used for estimating ages of stable-isotope samples are from respective sections of B-212 and B-218; two additional 14 C ages from another well, B-215, are shown in parenthesis. Two age models, ''young'' and ''old,'' are shown for the bottom parts of the Holocene section in both B-212/218, based on alternative 14 C ages, and DM-4401, based on a comparison of apparent age-depth curve with the global sea level.
data from each year were gridded and then all yearly grids were averaged to form mean multiyear fields (Figure 3) . The averaged grid point values were interpolated to the foraminiferal sampling sites ( Table 2 ). The generated mean multiannual site values are mostly similar to point measurements of temperature and salinity, except for some riverproximal samples that show a large departure from the means, grossly exceeding their standard deviations. These offsets clearly result from short-lived fluctuations in water properties, a common feature in river-proximal environments [e.g., Burenkov and Vasil'kov, 1995; Pavlov et al., 1996] .
[16] Our foraminiferal samples mostly characterize a salinity range above 30 psu, due to a decline in foraminiferal numbers in the estuaries, which may result from dissolution and/or a physiological effect of reduced salinity [Korsun, 1999; Polyak et al., 2002a] . Five samples have lower salinities, reaching 25 psu in multiannual mean values and as low as <2 psu in point measurements. The latter values probably result from short-lived discharge episodes and may not represent the actual salinity of the ambient water in sediment [cf. Simstich, 2001] . Because live (stained) E.e. clavata have been reported from other river environments at salinities as low as 10-15 psu [Lutze, 1965; Ellison and Nichols, 1976] , future studies in the Pechora and Kara estuary regions should help define the local salinity limit by continuing to sample near the river mouths. O distribution in the study area is based on samples from the southern Kara Sea and southeastern Barents Sea, including the Ob' and Pechora estuaries, collected during the summer to early fall season (July October) in 1976 and 1977 [Figure 1; Ferronskii, 1978; Brezgunov et al., 1983] . This data set was supplemented by new samples from four vertical water profiles collected in August 1998 near northernmost Novaya Zemlya from R/V Ivan Petrov and analyzed for d Table 4 ). To increase the statistical representation for subsurface (below 1 m) and bottom water, we included the respective October data, which have distribution patterns similar to those of summer. October surface water data were not used because they [Fairbanks and Matthews, 1978; Fairbanks, 1989] .
Seawater
show a temperature inversion due to the fall cooling [Brezgunov et al., 1983; Adrov and Denisenko, 1996] .
[ Figure 5 and Table 1; cf. Brezgunov et al., 1983] . This is not surprising as the study area is characterized by a large salinity gradient formed by mixing of riverine and marine waters with distinctly different d 18 O/salinity distribution shows a similar Figure 6A and Table 1 ). The slope steepens to $0.7 at higher salinities, reflecting a decrease in water mixing gradient away from river mouths. The threshold salinity of $30 psu, with corresponding d
18 O e.c. of 0%, is attained in surface water far from the estuaries, whereas in bottom water it occurs much closer, at depths of 20 m or slightly less (Figures 2, 3 18 O e.c. in these samples is attributed to a temperature control given a corresponding temperature range reaching $10°C in the Pechora Sea ( Figure 6D) . A smaller gradient of 5°C in the Kara Sea suggests less temperature influence here.
[21] Measured foraminiferal calcite d
18
O values show similar relationships with salinity and temperature as those observed for d
18 O e.c. , although interpretation is more difficult given sparse foraminiferal samples at salinities below $30 psu and large differences between mean and point temperature and salinity values for the shallowest near-estuarine sites (Figure 8 ). Both the Kara and Pechora samples show a relationship with salinity. This relationship, however, is stronger in the Kara samples. Conversely, the Pechora samples show a stronger relationship with temperature.
[ Figures 10 and 11 ), as expected given increasing DIC d 13 C with the transition from river to marine waters in front of the Ob' and Yenisey estuaries . However, the foraminiferal d 13 C:salinity gradient, demonstrated most fully by E.e. clavata, is much steeper than that of the DIC mixing models (Figure 11 ). E.e. clavata d
13
C values at high salinities are mostly 1 -2.5% below the equilibrium DIC values in the Kara Sea mixing model, whereas the low-salinity d
13 C values are up to 5% lighter than the DIC. This accounts for approximately 0.15 -0.2% additional d 13 C change per salinity unit due to the oxidation of organic matter.
[25] The d
C values in E.e. clavata are between 2 and 4 % lighter than in the epibenthic foraminifer C. lobatulus from the same samples (Table 2; Figure 11) ; a similar offset has been reported on several samples from the Barents Sea (T. Dokken, personal communication). Most C. lobatulus d
13 C values in our data are closer to the ''global'' than to the local (Kara Sea) DIC mixing line (Figure 11 ). This is probably related to the location of C. lobatulus sites far from the river mouths and under some influence of waters from the Barents Sea; especially noteworthy is the sole C. lobatulus sample near the Yenisey estuary which fits the local DIC mixing model.
Holocene Stable-Isotope Records
[26] Holocene sediments in B-212/218 overlay the erosional unconformity corresponding to the low sea level of the last glacial maximum (LGM) [ Figure 4 ; Polyak et al., 2000] . Sand grades upward to finer-grained mud and then back to sand, reflecting changes in sedimentary regime with changing sea level and distance from the Pechora River. Core DM-4401 did not reach the erosional surface of the LGM regression, but its lowermost sedimentary unit contains abundant terrestrial plant detritus indicating proximity to the Yenisey river [ Figure 4 ; Polyak et al., 2002b] . The 14 C ages obtained on these cores provide a generally robust chronostratigraphy, with some uncertainty for the lowermost part of the records. A date of 10.2 ka from the bottom of DM-4401 was obtained on plant detritus that may be partially older than the enclosing sediment. By comparing the DM-4001 age-depth patterns to that of the global sea level, we expect the actual age of the core base to be not older than 9 ka (Figure 4) . In B-212/218, an age inversion occurs near the base of the Holocene, which requires two age models for this interval. A comparison with the global sea level curve may not help to constrain these models, because the B-212/218 site is located close to the LGM ice sheet limit and was possibly affected by glacioisostatic rebound in the early Holocene [Gataullin et al., 2001] . In Figure 12 we use a younger model with a more gradual agedepth curve. O and temperature using the equation of Shackleton [1974] . Best fit in Figure 6a is shown for salinities below 30 psu. Lower panels (Figures 6c and 6d) show subsurface and bottom samples only (axis ranges are indicated by boxes in Figures 6a and b) . . These data are also consistent with those obtained on mixed calcareous faunas from the Laptev Sea [Erlenkeuser and von Grafenstein, 1999] and on C. lobatulus from the Labrador shelf [Vilks and Deonarine, 1988] , both areas strongly affected by freshwater discharge. In the proximity of the shallow river mouths, where the mixing gradient between riverine and marine waters is very large, changes in calcite d
18
O are predominantly controlled by the water d
O composition and are, thus, closely related to salinity (Figures 6 and 10) . When the salinities of $30 psu are attained, which typically corresponds to bottom water depth of 15-20 m, the mixing gradient decreases so that temperature starts playing a significant role in controlling the calcite d
18 O (Figures 6 and 7) . In the Pechora Sea, the warmest part of the study area, the temperature control is especially strong and accounts for approximately half of the d
O e.c. variability (Figures 6 and 8) . The temperature control explains a somewhat larger gradient in calcite d
O than in water d
18 O composition at depths below 20 m, notably down to $100 m (cf. Figure 2) . Some depletion in calcite d 18 O at yet larger depths in the Novaya Zemlya and St. Anna troughs presumably results from a combined action of brines and the advection of relatively warm Atlantic-derived water [Pfirman et al., 1994; Pavlov et al., 1996] .
[29] The distribution of foraminiferal d 18 O at values above $0%, when corrected for apparent disequilibrium, mostly matches the distribution of the expected equilibrium (Figures 8c and 8d) . Note that several samples lack point data (Table 2 ). (Table 2) .
18 O in the study area (Figures 7, 9 , and 10). Estimated disequilibria, between À0.6 and À0.65% for E.e. clavata and $0.3% larger for C. lobatulus, are similar to those suggested in previous studies. McCorkle et al. [1990] demonstrated that E.excavatum d
18
O is $1% lighter than the equilibrium in the deep North Atlantic. A near À1% disequilibrium was also suggested for unspecified Elphidium spp. from the Laptev Sea [Erlenkeuser and von Grafenstein, 1999] and for C. lobatulus from the southwestern Barents Sea and the Labrador shelf [Poole, 1988; Vilks and Deonarine, 1988] (Figure 9b ), which likely result from local, short-lived fluctuations in riverine inputs and may not adequately represent the ambient water in sediment [cf. Simstich, 2001] . The use of mean hydrographic data results in a different pattern, with E.e. clavata d
O offset from the 1:1 line by À3 to À5% (Figure 9a ). This apparently systematic offset may result from a lag between the seasons of calcification and hydrographic data collection, which is likely to be more noticeable in the shallow near-estuarine areas because of their highly variable hydrography. An alternative explanation implies a dramatic increase in biological fractionation due to high metabolic activity that may be expected during short periods suitable for life in these extreme environments [cf. Polyak et al., 2002a] . More detailed studies of calcite-producing organisms in Arctic river-proximal sites are needed to address this problem. Until a reliable calibration set is established, low foraminiferal d
O values should be considered with caution when reconstructing paleohydrography. C plotted against summer salinity. Solid and dotted curves show ''global'' (Norwegian-Greenland Sea) and local (Kara Sea) marine-riverine water mixing models for the DIC d 13 C, respectively .
Modern
reflecting the combined effect of riverine DIC and organic remineralization. The latter clearly prevails given the E.e. clavata d 13 C:salinity gradient three to four times larger than that of the equilibrium DIC d 13 C (Figure 11) . A similar distribution of E.e. clavata d 13 C has been observed in the Long Island Sound with respect to both absolute values and the d 13 C gradient controlled by remineralization [Thomas et al., 2000] . It is not surprising that remineralization is most intense in near-estuarine areas because of extensive deposition of river-imported organic detritus and heightened productivity. Although riverine inputs of organic material predominate in our study area, the authigenic marine component may contribute up to a third of the total organic matter in sediment [Boucsein et al., 1999] .
[32] The light foraminiferal d Figure 10 ) coincides with high bottom water salinities that consistently occur at this site and presumably indicate a subsurface countercurrent toward the estuary [cf. Stein and Stepanets, 2000] . In addition to river-proximal areas, relatively light d 13 C values characterize a narrow zone along the coast of Novaya Zemlya (Figure 10b ), in line with elevated productivity in this area in comparison to the adjacent western Kara Sea [Matishov, 1989; Druzhkov et al., 2001] .
[33] Assuming an infaunal habitat for E.e. clavata, we expect its d 13 C to be lighter than the bottom water DIC due to the accumulation of d 13 C-depleted CO 2 in pore waters [e.g., McCorkle et al., 1990] . Indeed, E.e. clavata in our data shows a systematic d 13 C offset of around À3% from the mostly epifaunal species C. lobatulus, which appears to have d
13
C values close to the equilibrium, in agreement with earlier estimates [Poole, 1988] and observations on other species of Cibicides or closely related genera [e.g., McCorkle et al., 1990] . The offset of À2 to À4% between E.e. clavata and C. lobatulus d
C values is consistent with the typical disequilibrium range of À1 to À4% that characterizes various infaunal foraminifers [Grossman, 1984; McCorkle et al., 1990] . A comparison with H. orbiculare analyzed in the Holocene record DM-4401 provides additional, although indirect information on the habitat-controlled foraminiferal d 13 C composition; this information is especially helpful because C. lobatulus characterizes only high-salinity environments. The d
C offset between E.e. clavata and H. orbiculare consistently falls between À1 and À3%, confirming the mostly infaunal habitat for E.e. clavata and suggesting a shallow infaunal to epifaunal habitat for H. orbiculare, a species indicative of riverproximal environments [e.g., Korsun, 1999; Polyak et al., 2002b] .
Holocene Records
[34] After the waning of the LGM ice sheets, shallow continental shelves were dramatically affected by the postglacial sea level rise that came close to the present level by ca. 5 ka [Fairbanks, 1989; Figure 4] . Local deglaciation processes, such as the release of meltwater masses and isostatic adjustment of the seafloor and adjacent coasts, also had a profound effect on sedimentary and hydrographic environments in the Barents and Kara seas [e.g., Hald and Vorren, 1987; Lubinski et al., 2001; Gataullin et al., 2001] . The investigated sites, B-212/218 and DM-4401, are situated outside the reconstructed LGM ice sheet limits and were likely beyond the range of deglacial meltwater impact at the beginning of the Holocene when little glacier ice remained [Polyak et al., 2000 [Polyak et al., , 2002b . Glacioisostatic rebound may have been significant in the southern Pechora Sea due to its proximity to the LGM margin, but was outpaced by the global transgression sometime by the early Holocene [Gataullin et al., 2001] ; the near-estuarine area in the southern Kara Sea was probably further from the ice sheet margin and was not affected noticeably by the rebound. C age using the ''young'' age models (Figure 4) [Fairbanks and Matthews, 1978; Fairbanks, 1989] .
[35] With sea level rise, shorelines on the low-gradient shallow continental shelves, such as the southern Kara Sea, rapidly migrated landwards, accompanied by retreating rivers [cf. Bauch et al., 2001] . This change clearly had a profound effect on calcite d
18
O composition that is predominantly controlled by runoff inputs in the Kara and Pechora seas at water depths above 15-20 m (Figures 6 and 7) . Given the age-depth profiles in sediment cores (Figure 4) , we assume that this water-depth level was not attained until approximately 7 ka in B-212/218 or slightly earlier in DM-4401. Therefore, we infer that the steep rise by 8.5% in foraminiferal d
18 O (sea level corrected) prior to ca. 8 ka in DM-4401 ( Figure 12A ) primarily reflects a dramatic decline in runoff inputs to the core site, associated with the retreat of the Yenisey mouth. Such a change, if due to temperature alone would equate to a impossible increase of >30°C. Our interpretation is supported by a corresponding steep increase in d
13
C by 3% ( Figure 12B ) and by other paleoceanographic proxies, notably a high content of plant detritus and freshwater diatoms in sediment with low foraminiferal stable-isotopic values [ Figure 4 ; Polyak et al., 2002b] . We recognize, however, that our current data set with a single record from each estuary limits our ability to discriminate between the large influence of sea level rise on runoff input to a given location and the potential influence of compounding factors such as variations in total river discharge and shifts in the position of the river channel [e.g., Sidorchuk et al., 2000] . A comprehensive reconstruction of this history requires investigating multiple sedimentary records from the shelf areas affected by the riverine retreat.
[36] In contrast to the early Holocene stable-isotopic trend in DM-4401, d
18 O values in B-212/218 show a considerable decrease of 3.5% prior to ca. 9 or 8.5 ka, depending on the age model, with a subsequent fast rise to values similar to those in DM-4401. The respective d
13 C values in B-212/218 also show a dip, although with a more complex pattern. This deviation in B-212/218 stable-isotope record may reflect the effect of glacioisostatic rebound in the southern Pechora Sea, extended into the early Holocene. Gataullin et al. [2001] suggested that the rebound was outpaced by the sea level rise between 11 and 10 ka, but their age estimate is tentative and could be easily off by ca. 1 kyr.
[37] Despite a clearly predominant effect of diminishing runoff inputs on both salinity and equilibrium calcite d Figure 6A ), consistent with water depths at the core site of less than 15-20 m prior to ca. 8 ka (Figure 4) Figure 9B ), then the estimated paleosalinity change would be more modest, with initial values about 23 psu. Until the pattern of foraminiferal d
18 O associated with low salinities in the most river-proximal environment is clarified, we propose to use the above paleosalinity estimates as approximate end-members.
[38] Among other possibilities, these estimates may need to be adjusted for a change in the distribution of water d 18 O in the study area [Rohling and Bigg, 1998] [Schoning et al., 2001] , are similar to values at the base of DM-4401 and may indicate the actual salinity limit for E.e. clavata (we note that our point measurement of <2 psu at sampling site AK-2401 is suspiciously low and may not represent the average ambient salinity in sediment). A limit of 10-15 psu appears to be consistent with occurrences of live (stained) E.e. clavata reported from various localities, such as the Baltic Sea and the Chesapeake Bay [Lutze, 1965; Ellison and Nichols, 1976] .
[40] After ca. 8 ka, foraminiferal d
18
O in both cores is characterized by a modest overall increase of 1.5-2% and even smaller superimposed fluctuations until ca. 5 ka and stable values thereafter (although, some short-term fluctuations may be overlooked due to sparser age resolution after 5 ka). These, relatively minor changes may be attributed to the combined effect of variable temperature and water d Figures 4 and 6) . Because sea level continued to rise noticeably until ca. 5 ka, we infer that it was a more important control on calcite d
18 O than contemporaneous temperature changes.
[41] Foraminiferal d (Figure 11 ). The persistence of E.e. clavata under a changed environment illustrates an exceptional ecological adaptability of this foraminifer, which may help to explain its wide distribution on the high-latitude shelves. A slight decrease in d 13 C during the last 2 -3 kyr coincides with an elevated content of freshwater diatoms in DM-4401 [Polyak et al., 2002b] , suggesting some increase in remineralization rates due to higher riverine organic inputs. C shows a relationship with salinity due to a combined effect of remineralization of organic matter, which is strongest in sediments proximal to river estuaries, and the mixing of the DIC in riverine and marine waters. Remineralization is believed to be primarily fueled by organic matter exported by rivers, but may partially result from high seasonal productivity in the estuaries.
Conclusions
[44] The benthic foraminiferal species analyzed are similar in their d
18
O composition, but have systematic, large offsets in d 13 C values. E. excavatum forma clavata, the most widespread calcareous foraminifer on the Arctic shelves, has d 13 C around 3% lower than the epibenthic species C. lobatulus, which corroborates the mostly infaunal habitat of E.e. clavata. The d 13 C content in H. orbiculare, a characteristic river-proximal foraminifer, is about 2% heavier than E.e. clavata, suggesting a shallow infaunal to epifaunal habitat for H. orbiculare.
[ C in the core from the Pechora Sea decrease until ca. 8.5 ka. This pattern may reflect glacioisostatic rebound of the seafloor because the core site is located close to the LGM ice sheet limit. Another deviation from the prevailing trend is an abrupt rise in d
13 C values in the Pechora core after ca. 6.5 ka. We infer that this rise, corresponding to a coarsening of sediment, indicates a reduction in organic accumulation and remineralization.
[46] A more detailed interpretation of the past environments requires the assembly of more comprehensive data on foraminiferal stable-isotopic compositions in a wide hydrographic range. This may be achieved by a comparison of the stable-isotopic signatures of species inhabiting river-proximal areas, such as H. orbiculare and Elphidium incertum [e.g., Polyak et al., 2002a] . It is essential that foraminiferal collection be accompanied with direct measurements of stable-isotopic composition of ambient water [cf. McCorkle et al., 1990] . Better understanding of foraminiferal life cycles and living strategies is needed to define the calcification environments, which would require a multiseasonal sampling program. To improve reconstructions of paleohydrography from stable-isotope records, more efforts should also concentrate on comparing them with independent proxies such as biogeochemical markers and microfossil transfer functions.
